in the cortex as memories are "transferred" from the hippocampus to the cortex (Squire and Alvarez, 1995; Bontempi et al., 1999). However, little is known about the cellular mechanisms underlying cortical memory consolidation, though it has been proposed that one 
tional synaptic modifiability in the cortex are crucial for is the phosphorylated PAK, with the phosphorylated PAK3 particularly enriched in this fraction. the consolidation of hippocampus-dependent longterm memory. Toward this end, we produced transgenic To investigate whether PAK activity was regulated by neuronal activity, we performed Western blot analysis to mice in which the expression of a dominant-negative PAK (dnPAK) transgene was restricted to the postnatal determine the amount of p-PAK following a brief (5 min) treatment with glycine, a protocol that is known to inforebrain. Cortical neurons in these mice had fewer spines and exhibited a shift in the synapse distribution duce LTP in cultured neurons (Lu et al., 2001 ). In the synaptoneurosome fraction, the level of p-PAK1 intoward synapses of larger size. These alterations in basal synaptic morphology correlated with altered mean creased by ‫%26ف‬ at 10 min and returned to baseline at 30 min following the glycine treatment ( Figure 1C ). synaptic strength and impaired bidirectional modifiability of synaptic strength. Fortunately, spine morphology This transient increase in the active PAK level was blocked by the NMDAR antagonist 2-amino-5-phosphoand synaptic plasticity were normal in the hippocampus of these mice, providing the opportunity to test the relanovaleric acid (APV) ( Figure 1C ), indicating that the p-PAK increase required activation of NMDAR. Since tionships between cortical synaptic structure and function and memory consolidation. Indeed, the dnPAK mice active PAK was associated with the PSD, these results suggest that NMDAR activation elevates PAK activity in were specifically impaired in the consolidation phase of spatial memory and context-dependent fear memory.
the PSD, which could in turn alter spine morphology through PAK's function in actin remodeling. These results provided critical evidence for crucial relationships between synaptic morphology and bidirectional modifiability of synaptic strength in the cortex and Generation of Forebrain-Specific dnPAK consolidation of hippocampus-dependent memory.
Transgenic Mice
To examine in vivo whether inhibition of PAK catalytic activity results in impairments in spine morphogenesis, Results synaptic function, and memory, we generated transgenic mice that expressed dnPAK specifically in the Figure 2E ). Since the expression analyses yielded very extensive colocalization with PSD95, a predominant PSD protein, in the dendritic spines ( Figure 1A , bottom similar results for line #21 and #110, we carried out most of the further analyses with line #21. panel). To determine whether p-PAK was associated with the PSD, a major site of actin remodeling in spines To determine the extent to which dnPAK inhibits the endogenous PAK catalytic activity in the adult brain, we (Colicos et al., 2001), we performed Western blot analyses on three fractions that were prepared from forebrain carried out an in vitro kinase assay (Zenke et al., 1999) . When catalytic activity of PAK was stimulated by GTPhomogenates. We isolated synaptosomes and separated them into membrane and PSD fractions (Cho et ␥S-Rac in total forebrain homogenates, the activity that was observed in homogenates from transgenic mice al., 1992) (for details, see the Experimental Procedures). Phosphorylated forms of all three PAKs were present in was significantly lower compared to wild-type mice (p Ͻ 0.02; Figure 2F ). We also examined the effect of dnPAK the PSD fraction as detected by the p-PAK T423 antibody as well as by PAK1 and PAK3 antibodies (Figure on PAK activity by measuring the amount of p-PAK in PSD fractions from wild-type and transgenic mice using 1B). Interestingly, the phosphorylated (but very little unphosphorylated) PAK was detected in the PSD fraction Western blot analysis. In both cortex and hippocampus, the level of p-PAK1 was significantly lower ‫%95ف(‬ of ( Figure 1B) . Thus, the majority of PAK in the PSD fraction For the spine analysis, we transgenic mice was similar to the level of cortical p-PAK1 focused on pyramidal neurons in cortical layer II/III and in the wild-type mice (p Ͼ 0.05; Figure 2G ). At postnatal hippocampal area CA1, two types of cells whose synap-3 weeks, the transgene had no effect on the level of tic plasticity has been studied extensively (Diamond et p-PAK1 (Figure 2H) Figures 3A and 3B ). The The dnPAK transgenic mice exhibited normal gross mordecreased spine density was observed throughout the phology in the forebrain when examined by hematoxylin proximal to distal segments of the dendrites ( Figure 3B ) and eosin staining (data not shown), suggesting that and was not due to nonspecific defects in dendritic dnPAK does not affect the global anatomy of the forearborization, since dendritic length and number of brain. Since PAK is known to regulate actin remodeling branch points remained unaffected in the transgenic mice ( Figure 3D ). The transgenic mice also did not differ (Bokoch, 2003) and active PAK is localized in dendritic 
